Abstract
Introduction

34
HCN channels are expressed in the heart and nervous system and comprise four 35 members (HCN1-HCN4) differing in their kinetics, voltage-dependence and degree of 36 sensitivity to cyclic nucleotides such as cAMP (Biel et al., 2009; Robinson and 37 Siegelbaum, 2003) . Membrane hyperpolarization activates HCN channels and causes a 38 depolarizing mixed sodium/potassium (Na + /K + ) current. In the heart, the current through 39 HCN channels (I f ) mediates the acceleratory effect of adrenaline on heart rate by direct 40 binding of cAMP (DiFrancesco, 2006) . In neurons, the current through HCN channels 41 (I h ) controls a wide array of functions, such as rhythmic activity (Pape and McCormick, 42 1989 ) and excitability (Tang and Trussell, 2015) . In addition to the somatic impact, 43 HCN channels are expressed throughout various subcellular compartments of neurons 44 (Nusser, 2012) . 2001; Kim and von Gersdorff, 2012) and vesicular neurotransmitter uptake (Huang and 57 Trussell, 2014) . At synaptic terminals of pyramidal neurons in the cortex of mice, HCN 58 channels inhibit glutamate release by suppressing the activity of T-type Ca 2+ channels 59 (Huang et al., 2011) . 60 61 Besides a potential impact on neurotransmitter release, axonal I h could play a role in the 62 propagation of action potentials. Indeed, in axons of the stomatogastric nervous system 63 of lobsters (Marder and Bucher, 2001 ) it was shown that the action potential conduction 64 was affected by dopamine via axonal HCN channels (Ballo et al., 2010; Ballo et al., 65 2012) . In vertebrates, studies on action potential propagation by Waxman and 66 coworkers indicated that I h counteracts the hyperpolarization of the membrane potential 67 during periods of high-frequency firing (Baker et al., 1987; Birch et al., 1991; Waxman 68 et al., 1995) and that it participates in ionic homeostasis at the node of Ranvier 69 (Waxman and Ritchie, 1993) . More recent investigations found I h to be crucial for the 70 emergence of persistent action potential firing in axons of parvalbumin-positive 71 interneurons (Elgueta et al., 2015) , but I h seems to have an opposing effect on the 72 excitability at the axon initial segment, where its activation reduces the probability of 73 action potential initiation (Ko et al., 2016) . Finally, there is evidence from extracellular 74 recordings that blocking I h decreases the action potential conduction velocity in 75 unmyelinated central (Baginskas et 
Results
95
Bidirectional modulation of conduction velocity 96
To investigate whether HCNs affect conduction velocity, we recorded compound action 97 potentials in three different types of axons ( Fig. 1) : Application of the specific HCN 98 channel blocker ZD7288 (30 µM) decreased the conduction velocity by 8.0 ± 2.8% in 99 myelinated cerebellar mossy fibers (n = 14), by 9.2 ± 0.9% in non-myelinated cerebellar 100 parallel fibers (n = 15), and by 4.0 ± 0.8% in optical nerves (n = 4; see Fig. 1 
and legend 101 134
Neuromodulation of conduction velocity is mediated by HCN channels 135
In addition to HCN channels, some voltage gated Na + , K + , and Ca 2+ channels can be 136 modulated via the intracellular cAMP-pathway (Burke et al., 2018; Yang et al., 2013 ; 137 Yin et al., 2017) . To address the contribution of other channels on the neuromodulation 138 of the conduction velocity, we performed a set of experiments, in which HCN channels 139 were first blocked by 30 µM ZD7288 and subsequently three modulatory substances 140 that significantly increased or decreased conduction velocity in prior experiments were 141 applied. With ZD7288 continuously being present in the recording solution, conduction 142 velocity of parallel fibers slightly decreased over the course of 20 minutes (Fig. 3A) . 143
Adding 8Br-cAMP (500 µM), Adenosine (200 µM) or NE (100 µM) at t = 5 min (i.e. 144 25 minutes after application of ZD7288) did not change the conduction velocity 145 significantly compared with control (only ZD7288). The average conduction velocity 146 between t = 15 and 20 min was decreased by -3.3 ± 2.4% for cAMP (n = 9), -4.6 ± 147
1.6% for Adenosine (n = 9) and -3.7 ± 1.2% for NE (n = 7), compared to the average 148 velocity between t = 0 and 5 min baseline recording. This was not significantly different 149 from the decrease in the sole presence of ZD7288 (-3.3 ± 1.4%; n = 7, see Fig. 3B and 150 legend for statistical testing), indicating that the previously shown effects of cAMP and 151 neuromodulators on conduction velocity are mainly mediated by HCN channels. 152
153
Cerebellar mossy fiber terminals have a prominent voltage sag 154
To investigate the membrane and signaling mechanisms underlying the bidirectional 155 control of conduction velocity, we focused on cerebellar mossy fibers, which allow the 156 whole-cell recording configuration and a direct access to the cytoplasmic compartment 157 (Fig. 4A) . Recordings from en passant cMFBs are well suited to investigate the ionic 158 basis of conduction velocity in the adjacent axonal compartments, because of a long 159 membrane length constant and slow HCN channel gating. Injection of depolarizing 160 currents during current-clamp recordings evoked a single action potential and injection 161 of hyperpolarizing currents generated a substantial 'sag' at cMFBs ( Using direct presynaptic recordings from cMFBs, we first aimed to investigate the 170 impact of HCN channels on action potential firing. To this end, we analyzed action 171 potentials elicited by current injections into the cMFBs (data not shown) as well as 172 traveling action potentials elicited by axonal stimulation with a second pipette (Fig.  173   5A ). In both cases, the amplitude and half-duration of action potentials elicited at 1 Hz 174 were not significantly affected by application of 30 µM ZD7288 (data not shown and 175 dependence of conduction velocity (cf. Fig. 1 ) and passive membrane properties (cf. 229 Fig. 6 ) at the molecular level, we investigated the identity and distribution of HCN 230 channels using pre-embedding immunogold labeling for HCN1 and 2 in cMFBs and 231 adjacent axons. At the electron microscopic level, we found only background 232 immunoreactivity for HCN1 (data not shown) but significant labeling for HCN2 (Fig.  233   7A ). HCN2 immunogold particles were diffusely distributed along the plasma 234 membrane of cMFBs, with similar labeling density in the adjacent mossy fiber axon 235 (Fig. 7B ), which could be traced back up to 3.5 µm from cMFBs. In addition, we 236 created a 3D reconstruction of a cMFB ( The model contained voltage-dependent axonal Na + and K + channels, passive Na + and 300 K + leak channels, and the established HH model of I h (cf. Fig. 9 ). After adjustments of 301 the peak conductance densities the model captured the current clamp responses to -10 302 pA current injections (Fig. 10B) , the resting membrane potential ( decreased the availability of voltage dependent Na + (Na V ) channels but increased the 321 conduction velocity (Fig. S2 ). Only at resting membrane potentials above -65 mV the 322 conduction velocity decreased in our model. Together, these data indicate that the 323 depolarization mediated by HCN2 channels accelerates the conduction velocity by 324 bringing the membrane potential closer to the firing threshold. 325
326
The non-inactivating nature of HCN channels and the accompanying shunt at the resting 327 membrane potentials suggest that I h is metabolically expensive. Therefore, we 328 calculated the Na + influx in each model and converted it into the required ATP 329 consumption to restore the Na + gradient (Hallermann et al., 2012) . Computational 330 modeling showed that it is ~100% more expensive to maintain the resting membrane 331 potential with I h than without or by depolarization alone (V m -model; Fig. 10F ). 332
Furthermore, the metabolic costs to maintain the resting membrane potential with I h for 333 one second was ~3-fold higher than the costs to generate one action potential (Fig. 10F) . 
Modulation of conduction velocity via the intracellular cAMP concentration 437
Using direct whole-cell recordings and immunogold EM from en passant boutons in 438 cerebellar axons, we identified near exclusive HCN2 isoforms expression and a half-439 maximal shift of the activation of HCN2 channels at a cAMP concertation of 40 µM 440 (Fig. 7D) . Furthermore, our perforated patch-recordings from axonal compartments 441 provide, to our knowledge, the first direct estimate of endogenous cAMP concentration 442 in vertebrate central axons of 13 µM (Fig. 7D) . This is higher compared to previous 443 estimates of 50 nM in Aplysia sensory neurons (Bacskai et al., 1993 adenosine, which decreased the conduction velocity (Fig. 2) Compound action potentials were evoked by electrical stimulation using a bipolar 505 platinum/iridium electrode (from Microprobes for Life Science, Gaithersburg MD, 506 USA) placed either in the white matter or in the molecular layer (Fig. 1) of the 507 cerebellum. For the extracellular recording of compound action potentials, two pipettes 508 were filled with a 1M NaCl solution (tip resistance of 1-3 MΩ) and placed within the 509 respective fiber bundle, and the voltage was measured in current clamp mode with an 510 EPC10 amplifier (CC gain 10x). Compound action potentials were evoked at 0.5 Hz in 511 parallel fibers and 1 Hz in the white matter. All recordings were performed in the 512 presence of 10 µM NBQX to block synaptic potentials. The conduction velocity of PFs 513 was measured at 35°C. Due to the higher conduction velocity in myelinated mossy 514 fibers, action potentials evoked by white matter stimulation had to be recorded at room 515 temperature to allow separation of the compound action potential from the stimulation 516 artifact. To calculate the conduction velocity, we determined the delays of the peaks of 517 the compound action potential component recorded with the proximal and distal 518 electrode. Compound action potentials from mossy fibers were analyzed offline using 519 the smoothing spline interpolation operation of Igor Pro to increase the signal to noise 520 ratio. Control recordings were performed interleaved with application of different drugs. 521
The conduction velocity experienced a small rundown over 20 minutes under control 522 conditions ( Fig. 1 -3) . 523 524
Measuring conduction velocity in the optic nerve 525
Male wildtype mice of the C57BL6/N strain (P63 ± 4) were euthanized by decapitation. 526
After the brain was exposed, the optic nerves (ON) were separated from the retina at the 527 ocular cavity and both ONs were detached by cutting posterior to the optic chiasm. The 528 preparation was gently placed into an interface brain/tissue slice (BTS) perfusion 529 chamber (Harvard Apparatus) and continuously superfused with ACSF, bubbled with 530 carbogen (95% O 2 , 5% CO 2 ) at 36.5 °C during the experiment (Trevisiol et al., 2017) . 531
In case both nerves were used for experiments, the non-recorded ON was transferred in 532 a different incubation chamber (Leica HI 1210) that provided similar incubation 533 conditions to the recorded nerve while preventing exposure to ZD7288 and 8-Br-cAMP. 534
The temperature was maintained constant using a feedback-driven temperature 535 
Perforated patch recordings 603
For perforated-patch recordings from cMFBs, a nystatin stock solution was prepared by 604 dissolving the pore-forming antimycotic in DMSO (25 mg/ml). Immediately before the 605 experiments, the nystatin-stock was added to the intracellular solution at a final 606 concentration of 50 µg/ml. In order to monitor the integrity of the perforated membrane 607 patch, the green-fluorescent dye Atto 488 (from Atto-Tec, Siegen, 608 Germany) was added at a concentration of 50 µM. Since nystatin is known to impair the 609 formation of the GΩ seal, the initial ~500 µm of the pipette tip was filled with a 610 perforating agent-free internal solution before back-filling the pipette shaft with the 611 perforating agent-containing solution. After establishing a GΩ seal, the holding 612 potential was set to -70 mV and the access resistance (R a ) was continuously monitored 613 by applying 10 ms long depolarizing pulses to -60 mV at 1 Hz. Recording the voltage-614 dependent activation of I h was started after R a dropped below 150 MΩ. Because the 615 perforated membrane patch ruptured spontaneously with R a < 50 MΩ, the access 616 resistance was not comparable to standard whole-cell recordings. To exclude the 617 possibility that the right-shift of the I h activation curve in the perforated configuration 618 (Fig. 8C) shift measured with perforated patch recordings might be underestimated due to the 626 higher R a , which would result in an even higher estimate of the endogenous cAMP 627 concentration (Fig. 7D) . on the possible distance of the immunogold particle from the epitope (Matsubara et al., 664 1996) . The density of non-specific labeling was estimated using nuclear membrane of a 665 granule cell located adjacent to the reconstructed mossy fiber bouton. We found 666 40 immunogold particles on the nuclear membrane area of 60.5 µm 2 giving a density of 667 0.66 particles/µm 2 , which was 3.9% of the HCN2 labeling density on the mossy fiber 668
bouton. 669 670
Hodgkin-Huxley model of axonal HCN channels 671
Because we did not intend to implement the cAMP dependence of HCN channels 672 explicitly (Hummert et al., 2018), we created two separate models for 0 and 1 mM 673 intracellular cAMP, which were based on a previously described Hodgkin-Huxley 674 model (Kole et al., 2006) with one activation gate and no inactivation (Hodgkin and 675 Huxley, 1952) . In short, the activation gate was described by 676 axonal compartments, respectively. The Na + and K + reversal potentials were 55 and -97 715 mV, respectively. To investigate ATP consumption, separate Na + and K + leak channel 716 models were added, with a conductance of 0.0138 and 0.18 pS/µm 2 , respectively, in the 717 bouton compartments. In the axonal compartments, both conductances were reduced by 718 a factor of 10. The above described Hodgkin-Huxley model of axonal HCN channels for 719 either 0 or 1 mM intracellular cAMP was added with a density of g HCN = 0.3 and 0.03 720 pS/µm 2 for the bouton and axonal compartments, respectively, to reproduce the data 721 shown in Fig. 10B-D. To investigate ATP consumption, the conductance was separated 722 in a Na + and a K + conductance according to g HCN(Na) = (1 -ratio K/Na ) g HCN and g HCN(K) = 723 ratio K/Na g HCN , where ratio K/Na = (e Na + e HCN )/(e Na -e K ), where e Na and e K are the Na + 724 and K + reversal potential as described above and e HCN is the reversal potential of I h 725 measured as -23.3 mV (cf. Fig. 9C ). Assuming a single channel conductance of 1.7 pS 726 for HCN2 channels (Thon et al.) , this conductance corresponds to a density of 0.18 727 HCN channels/µm 2 , which is much lower than the estimate from preembedding 728 immunogold labeling (22 particles/µm 2 ; Fig. 8 ). However, the optimal density of the 729 model critically depends on the geometry of the structure, which was not obtained from 730 the recorded boutons. To obtain the required structural information including the 731 fenestration of the cMFB (cf. Fig. 8 ) and the level of myelination, electron microscopic 732 reconstructions of large volumes of the recorded cMFB and the entire axon would be 733 needed. When we used a g HCN , as determined with preembedding immunogold labeling 734 in our model, the model also predicted that I h critically effects conduction velocity and 735 that the depolarization is the main reason for the velocity to change. In general, these 736 two conclusions of the model were very insensitive to the specific parameters of the 737 model and were, e.g., also obtained with additional interleaved cylindrical 738 compartments with high Na + and K + channel density representing nodes of Ranvier or 739 with a long cylindrical compartment with homogenous channel densities representing 740 an unmyelinated axon. This further supports our finding that HCN channels accelerate 741 conduction velocity independent of the exact parameters of the axon and the degree of 742 myelination (cf. Fig. 1 reproducing the experiments with ZD7288 and 1 mM intracellular cAMP, the Na V 997 inactivation was 6 and 17%, respectively. Because the steady-state Na V availability 998
